The magnetization and specific heat measurements have been performed on single-crystalline Gd3Ru4Al12, wherein magnetic Gd-Al layers with a distorted Kagome lattice structure and non magnetic Ru-Al layers are stacked alternately along the c axis. A recent investigation has indicated that the distorted Kagome lattice structure of Gd-Al layers effectively translates into an antiferromagnetic triangular lattice in association with ferromagnetic spin trimerization at low temperatures. We investigate the successive phase transitions and peculiar features of magnetic phases on this effective triangular lattice of spin trimers. This spin system is found to be a XY like Heisenberg model. The magnetic phase diagrams indicate the existence of frustration and Z2 degeneracy. The magnetization and specific heat imply the successive phase transitions with partial disorder and a T-shaped spin structure in the ground state.
I. INTRODUCTION
Metallic 4f frustrated spin systems often exhibit peculiar features at low temperatures. Ternary intermetallic compounds RE 3 Ru 4 Al 12 (RE: rare earth) crystallize in a hexagonal structure of Gd 3 Ru 4 Al 12 -type, which belongs to the space group P 6 3 /mmc 1 . In this crystal, magnetic RE-Al layers and non-magnetic Ru-Al layers stack alternately along the c axis [Figs. 1 (a) and (b)]
2 . As shown in Fig. 1 (c) , the RE ions form a distorted kagome lattice or a breathing kogome lattice composed of two different sized regular triangles and unequal sided hexagons. RE 3 Ru 4 Al 12 has been investigated intensively in recent years because of the various phenomena it shows at low temperatures. La 3 Ru 4 Al 12 is Pauli paramagnetic (PM) and Pr 3 Ru 4 Al 12 and Nd 3 Ru 4 Al 12 are ferromagnetic (FM) [3] [4] [5] [6] . Ce 3 Ru 4 Al 12 is thought to be a valence fluctuation system 1 . When the RE sites are replaced by heavy RE ions, RE 3 Ru 4 Al 12 shows antiferromagnetic (AFM) properties. Yb 3 Ru 4 Al 12 is an XY -antiferromagnet with Néel order at T N = 1. 5 K 7,8 . This compound is a heavy fermion system with enhanced Sommerfeld coefficients γ 0 = 120 mJ/(K 2 Ybmol. Dy 3 Ru 4 Al 12 is an AFM compound with T N = 7 K, which has a noncollinear spin structure 9 . Regardless of the long range AFM ordering, this compound shows a large γ 0 value of about 500 mJ/(K 2 Dy-mol) in the temperature range 7-20 K. Gorbunov et al. attributed this large γ 0 value to spin fluctuations induced in the Ru 4d electrons by the exchange field acting from Dy 4f electrons 9 . Chanragiri et al. have found characteristics of spin glass like dynamics in Dy 3 Ru 4 Al 12 in AFM phase which indicates a complex ground state under the influence of geometrical frustration 10 .
In 2016, Chandragiri et al. reported the magnetic behavior of poly-crystalline Gd 3 Ru 4 Al 12 , whose magnetic susceptibility follows the Curie-Weiss law above 200 K ground state. On the other hand, the magnetic susceptibility exhibits a very small difference under zero field cool (ZFC) and field cool (FC) conditions. The behavior of the magnetic susceptibility under magnetic fields is mimics that expected for the Griffiths phase 12 . Very recently, Nakamura et al. investigated the low-temperature magnetic and thermodynamic properties of single-crystalline Gd 3 Ru 4 Al 12 13 . They proposed that ferromagnetic (FM) spin trimers are formed on small Gd-triangles at low temperatures, and that the distorted Kagome lattice of Gd 3 Ru 4 Al 12 effectively transforms into an antiferromagnetic triangular lattice (AFMTL) at low temperatures. The blue arrows S r in Fig. 1 denote the resultant spin (S r = 21/2) formed by the Ruderman-Kittel-KasuyaYosida (RKKY) interaction on the trimers. These S r 's begin to be formed around 150 K and are completed below 70 K. The binding energy is thought to be 184 K per Gd ion. On further decreasing temperature, Gd 3 Ru 4 Al 12 exhibit successive AFM phase transition at T 2 = 18.6 K and T 1 = 17.5 K. The magnetic entropy at T 2 = 18.6 K is only 40% of Rln8, indicating spin frustration. Because binding energy is much higher than that at these transition temperatures, the FM trimers are probably stable even in the ordered phases.
The ground state and magnetic phase diagrams of twodimensional (2D) AFMTL's and three-dimensional (3D), or layered AFMTL's of Heisenberg models and related models (Heisenberg-Ising and Heisenberg-XY models) have been extensively investigated for long years from the view point of geometrical frustration 14 . On the other hand, the oscillatory features of the RKKY interaction lead to the frustration arising from the competition between the near and far-neighbor interactions, which induce the spin glass in random system and spiral magnets in periodic systems 14 . In the case of Gd 3 Ru 4 Al 12 , the long range and oscillatory feature of the RKKY interaction also induces a geometrical frustration in association with the formation of FM trimers at low temperatures 13 . The present paper addresses the spin structures in the ordered phases and magnetic phase diagrams of the layered frustrated spin trimer system Gd 3 Ru 4 Al 12 wherein the geometrical and the interaction-compete-type frustrations coexist. The S r system in Gd 3 Ru 4 Al 12 is regarded as an AFMTL lattice of the Heisenberg model with a certain degree strong anisotropy and interlayer interactions at low temperatures. The long reaching range of the RKKY interaction may lead to some clear appearances of the geometrical frustration regardless of a slightly complicated geometrical structure of the distorted kagome lattice.
II. TYPICAL MAGNETIC PHASE DIAGRAMS WITH WEAK ANISOTROPY
The Hamiltonian of 2D Heisenberg model with weak anisotropy on AFMTL's under the field is written as,
Here, the first term on the right side denotes the exchange interaction, the second term denotes the local anisotropy at i site, and the last term denotes the Zeeman energy. When D is negative, the spin system is XY like (easy plane type anisotropy), and when D is positive, the spin system is Ising like (easy axis type anisotropy). Several theoretical investigations of frustrated AFMTL or layered AFMTL with anisotropy predict two successive phase transitions when D > 0 at zero field [14] [15] [16] . In this case, the spin component along the easy axis and the other spin components are ordered at distinct temperatures. In the case where the anisotropy is relatively strong, three successive phase transitions are expected 17 . On the other hand, when D < 0, only single-phase transition is expected at zero field [14] [15] [16] . The Hamiltonian of the layered Heisenberg model with weak anisotropy on AFMTL's under the field is written as
Here, the first term on the right side indicates intralayer exchange interaction and the second term indicates interlayer exchange interaction. When the anisotropy is the easy axis type (D > 0), two successive phase transitions are expected at zero field, similar to the 2D lattice 14, 18 . We illustrate schematic phase diagrams in Fig. 2 according to these previous studies. In the IMT phase shown in Fig. 2 (a) , only longitudinal spin component is ordered. The ground state is the noncolinear spin structure. This state translates to the umbrella structure at high fields in association with the first order phase transition when the field is applied along the easy axis. A tetracritical point is predicted at the high temperature end of the first order boundary. When D < 0, only single-phase transition is expected at zero field, similar to 2D system, and this transition point becomes a tetracritical point due to Z 2 degeneracy. CsNiCl 3 is known for a substance that shows a phase diagram such as that in Fig. 2 (a) 19-23 and CsMnBr 3 is for a substance that shows a diagram such as that in Fig. 2 (b) 24 .
III. SAMPLE PREPARATION AND EXPERIMENTAL METHOD
We melted 3N-Gd, 3N-Ru, and 5N-Al in a tetra-arc furnace and pulled a single-crystal ingot. Considering evaporation loss, the initial weight of Al was increased by 1-2% in comparison to the stoichiometric amount. The obtained ingot was about 2-3 cm in length and 3 mm in diameter. We determined the crystal structure of the ingot by X-ray diffraction with crushed powder samples. The diffraction pattern was consistent with that of a previous report 1 . The lattice constants of Gd 3 Ru 4 Al 12 were obtained as 0.8778 nm for the a axis and 0.9472 nm for the c axis. The length of the side of the small regular triangle was 0.3698 nm and that of the large regular triangle was 0.5079 nm. We cut three crystal samples from the ingot, one for magnetization measurements of 29.55 mg and the others for specific heat measurements of 7.76 mg and 13.99 mg. All samples are the same as those used in the previous investigation 13 . The specific heat measurements of the specific heat were performed by a thermal relaxation method using a commercial instrument (PPMS-9, Quantum Design Inc.) above 2 K and a quasi-adiabathic method with a hand-made instrument below 2 K. The magnetization was measured using two superconducting quantum interference device magnetometers (MPMS, Quantum Design Inc.).
IV. EXPERIMENTAL RESULTS

A. The magnetic phase transition with changing temperature
The temperature dependence of magnetic susceptibility χ a * (H a * ) of Gd 3 Ru 4 Al 12 is shown in Fig. 3 (a) . The open circles and crosses denote the ZFC and FC processes under a field of 100 Oe, respectively. Both χ a * exhibit very small differences between the ZFC and FC processes. Because the applied magnetic field is weak, these results include few percent error in the absolute values. The upward arrows in Fig. 3 (a) indicate phase transition points. Figure 3 (b) shows the second derivatives of χ a * in relation to temperature. We identify the inflexion points in χ a * as the transition points. The weak anomalies shown in Fig. 3 (b) at 12 K arise from thermocouple conversion in MPMS and are not essential. In the present paper, we refer to the lower and higher transition temperatures as T 1 and T 2 , and low temperature phase and intermediate temperature (IMT) phase as phase I and phase II, respectively, in accordance with the previous report 13 . Selected temperature dependence of the magnetic susceptibility M/B and specific heat at several fields is presented in Fig. 4 , where T 1 and T 2 are commonly indicated by the red dotted lines and blue solid lines, respectively. Figure 4 (a) shows M/B under fields directed along the a axis. The measurements were performed with FC processes and we identified the reflection points of M/B as the phase transition points. When fields are applied along the a axis, the IMT phase II only appears in the low field range. Gd 3 Ru 4 Al 12 directly translates from the PM phase into phase I in the high field range.
Magnetic susceptibility M/B under several fields directed along the a * axis are presented in Fig. 4 (b). The measurements were performed FC processes. When fields are applied along the a * axis, phase II appears even in the high field range. As evident in Fig. 4 (b) , one of the characteristic features of the IMT phase II is the weak temperature dependence in M/B(T ). In other words, M/B behaves like a transverse susceptibility in phase II.
In Fig. 4 (c) , magnetic susceptibility M/B under fields directed along the c axis are presented. The measurements were performed with FC and field heat (FH) processes in succession at 0.5, 1, 1.8 and 2.5 T, and with FC process at 3 and 3.5 T. When the field is directed along the c axis, M/B(T ) shows hysteresis loops at T 1 in the range 0.3 ≤ B ≤ 2 T. We identified the inflection points in M/B as T 2 and centers of the hysteresis loops as T 1 . The bold green upward arrow denotes the phase II/phase III transition points at 1.8 T. We have found an additional phase III in the intermediate fields for B c. As indicated in Fig. 4 (c) by black upward arrows and symbol T * , small anomalies are observed between T 1 and T 2 in the field range 0.3 ≤ B ≤ 1.5 T. However, we could not observe any anomaly in the specific heat at T * as mentioned later. Probably, the anomalies at T * in M/B does not indicate phase transition. As shown in Fig. 4 (c), the IMT phase II appears over the wide temperature ranges in the intermediate field range. Attention should be paid to the temperature dependence of M/B in phase II. When fields are weak, M/B shows some temperature dependence in phase II, but when the field becomes slightly strong, M/B is almost temperature-independent in this phase. Apparently, M/B is a transverse susceptibility in phase II at slightly strong fields. In phase I, M/B shows larger temperature dependence. Apparently, the component of the longitudinal magnetic susceptibility exists in phase I.
The specific heat C at several fields under the fields directed along the a axis are presented in Fig. 4 (d) . Corresponding to the successive phase transitions at T 1 and T 2 , clear λ-shaped peaks are observed in the specific heat at low fields. In the present study, we identified the phase transition points as the middle points on the right-side slopes of the peaks. The two peaks shown at low fields change into a single peak at high fields. This behavior of the transition points is consistent with that observed in the M/B shown in Fig. 4 (a).
In Fig. 4 (e), specific heat C at several fields under the fields directed along the a * axis are shown. Corresponding to the successive phase transitions at T 1 and T 2 , clear λ-shaped peaks are observed as well. The IMT phase II is observed even in high fields similar to the case of observation of the magnetic susceptibility presented in Fig. 4 
(b).
Specific heat C at several fields under the fields directed along the c axis are presented in Fig. 4 (f). Clear λ-shaped peaks are observed at T 1 and T 2 . The IMT phase II occupies a wide temperature range at intermediate field range. We could not find any indication of phase transition at T * in the specific heat. Probably, the anomalies at T * are so not indicate phase transitions. They may indicate certain domain motion in Phase II.
B. The magnetic phase transitions with changing field
The field dependence of magnetization M of Gd 3 Ru 4 Al 12 at 2 K is displayed in Fig. 5 . Overall, the magnetic anisotropy is clearly seen, i.e. ab is an easy plane of magnetization and c is a difficult axis of magnetization. The anisotropy in the ab plane is very small. The additional phase III appears in the intermediate field range 1.25 < B < 2.4 T when the field is applied along the c axis at 2 K. Regardless of the difference in field direction, M shows a tendency to increase approximately linearly with magnetic field in the high field range. We assume that M at high fields can be described using M (B) = M 0 + KB. Here, M 0 is a constant that does not depend on the field and K is a proportion constant. The broken line in Fig. 5 is a fit to the data for B c in the range 5.6 < B < 7 T. The magnetization M 0 = 7.02 µ B obtained for B c agrees with that expected for Gd
FIG. 5. (Color online) Magnetization curves of Gd3Ru4Al12
at 2 K in a field increasing process. The fields are directed along the a, a * and c axes. The broken line is a fit to the formula M (B) = M0 + KB in the range 5.6 < B < 7 T for B c. Here, M0 is a constant independent of the field and K is a proportion constant. The doted lines are guides for eye denoting the functions M (B) = F M0 + KB (F = 1/3, 2/3). arises from Pauli paramagnetism from Ru 4d electrons, it is three orders larger than that for usual transition metals 25 . However, this is not the heavy fermion behavior. As we mention later, the low temperature specific heat of Gd 3 Ru 4 Al 12 is not T -linear in the very low temperature range. To determine the accurate magnetiza- Fig. 7 (a) indicate the phase II/PM phase transition that occurs at high fields. The magnetization curves in the intermediate field range shows small hysteresis loops, as shown in Fig. 7 (b) . The upward red arrows indicate phase III/phase II transitions and the hysteresis loops imply that this transition is of first order. Similar small hysteresis loops are shown in the low field range, as shown in Fig. 7 (c) . The black arrows indicate the phase I/phase III transitions. The hysteresis loops imply that this phase transition is of first order as well. The additional phase III is observed in the intermediate field range when fields are directed along the c axis, which is the hard axis of magnetization. This implies that phase III is induced with spin flopping. It is probable that Gd 3 Ru 4 Al 12 undergoes two successive spin flopping, when fields are applied along the c axis.
C. Magnetic phase diagrams
Analyzing the results of measurements of magnetic susceptibility, magnetization, and specific heat, we determined the magnetic phase diagrams of Gd 3 Ru 4 Al 12 , as depicted in Fig. 8 . The whole view of the magnetic phase diagrams presented in Fig. 8 is unexpectedly anisotropic for Gd compounds. They look different from the phase diagrams of non-frustrated AFM spin systems. The existence of the IMT phase II implies the existence of geometrical frustration. However, there are several features different from the phase diagrams of the typical frustrated AFMTL's with weak anisotropy and weak interlayer interactions shown in Fig. 2 in terms of the particulars. Let us take a look at the details. Two successive AFM phase transitions have been observed at zero field. This feature is different from that of the phase diagram in Fig. 2 (b) . Two double critical points, or Néel points, exist at zero field instead of the single tetracritical point. For B a, the AFM phase I occupies the low-T and low-B regions. Between phase I and the PM phase, phase II occupies a strip region at low fields. At a glance, this strip region appears similar to that shown in Fig. 2 (a) . However, the first-phase transition line shown in Fig. 2 (a) is not observed in Fig. 8 (a) . In addition, as shown in Fig. 8 (a) , phase I directly contacts the PM phase with a boundary in the high field range. On the other hand, there is a high field phase with umbrella spin structure in Fig. 2 (a) . For B a * , the boundaries of phase I/phase II and phase II/PM phase display double lines that do not cross and show the difference from non-frustrated AFM spin systems. Probably, these double lines are clear appearance of frustration. When the field is applied along the c axis, as shown in Fig. 8 (c) , phase III appears between phase I and phase II in the intermediate field range and phase II relatively occupies a wide region in the diagram. As mentioned before, the magnetization shows hysteresis loops at the phase I/phase III and phase III/phase II transition points, and therefore, both these transitions are of first order. The dotted line in Fig. 8 (c) corresponds to weak anomalies at T * shown in Fig. 4 (c) . This line may not be the phase boundary and may correspond to certain domain motion.
The phase diagrams in Fig. 8 appear as if they are a superposition of two independent non-frustrated AFM spin systems with different anisotropies, at a glance. One is the spin system that has easy plane (the ab plane) type and the other is that having easy axis (the c axis) type. The easy plane-type spin system exhibits a simple singlephase boundary and the easy axis-type spin system shows spin flopping when fields are applied along the c axis, as shown in Fig. 8 (c) and Fig. 5 . However, as evident from Figs. 8, there is a feature we cannot understand as the superposition of two independent spin systems. Noted that phase I appears as a lower-temperature phase of phase II but phase II does not appear as a lower-temperature phase of phase I. This implies that these phases do not appear independently. Overall, the magnetic phase diagrams of Gd 3 Ru 4 Al 12 indicate the existence of frustration, but present several distinct appearances from those of the typical Heisenberg model with weak anisotropy and weak interlayer interactions on layered AFMTL's.
V. DISCUSSION
A. Single trimer magnetic anisotropy
In Gd 3 Ru 4 Al 12 , FM trimers (S r = 21/2) form the AFMTL at low temperatures 13 . First, we discuss the single trimer anisotropy. As shown in Fig. 9 , the magnetic anisotropy is observed even in the PM phase in the temperature range below 70 K, where S r are completed 13 . This suggests that magnetic anisotropy is induced by the formation of FM trimer. One possible origin of anisotropy is electromagnetic interaction. Figure 10 
When the FM trimer is formed at low temperatures, all three magnetic moments are written as m. Therefore, the electromagnetic energy of the trimer is at a unit of J per S r , where the suffix runs over (ij = 12, 23, 31). This energy becomes the lowest when m is directed in the ab plane. The electromagnetic energy E em gives rise to the easy plane-type anisotropy, and gives isotropy in the ab plane. However, the amplitude of this energy is approximately 2.7 K per S r . This is too small to explain the anisotropy experimentally observed only for that, as mentioned later. Another possible origin of the single trimer anisotropy is the generation of the orbital angular momentum of Gd 3+ (4f 7 , S = 7/2) ions. The 4f electrons of Gd ions do not carry orbital angular momentum in general. However, in the case of Gd 3 Ru 4 Al 12 , Gd ions occupy the asymmetric site in the crystal. Therefore, the ions would feel odd parity CEF at each site, which induces the mixing between the 4f and 3d electrons of the Gd ion, and the Gd ions obtain some angular orbital momentum. This would result in single ion anisotropy. In addition, the existence of orbital moments can lead to spatially anisotropic RKKY interactions 26 , which may induce single trimer anisotropy through a similar mechanism to the case of the above electromagnetic interaction, but detailed mechanism is unknown at present. Probably, a combined effect of the anisotropy due to the odd parity CEF and the electromagnetic interaction is the origin of the single trimer anisotropy.
In any case, we need to determine the magnitude of the single trimer anisotropy in ordered phases experimentally. The magnetic susceptibilities in Fig. 9 at low temperatures are replotted in Fig. 11 on expanded scales. In this figure, magnetic susceptibilities are plotted as the function of T 2 . In phase I, AFM spin waves are expected to contribute to the magnetization at finite temperatures. According to previous theories based on spin wave approximation, the contribution of the threedimensionally propagating AFM spin waves can be expressed as M (T ) − M (0) ∝ T 2 for isotropic systems [27] [28] [29] and M (T ) − M (0) ∝ T 1.5 exp (−E g /T ) for anisotropic systems 29 when the temperatures are sufficiently lower than Néel temperature. Here, M (0) is the magnetization at 0 K and E g is the energy gap in the AFM magnon dispersion,
at a unit of K per magnon. Here, n is the mole number of propagation medium S r 's, Ω the lowest precession frequency of magnons, ω A = 2µ B B A the crystal magnetic anisotropic energy on single trimer and ω ex = 2JSz the energy deduced by the exchange interactions from nearest neighbor S r 's of number z. The effective anisotropic flux density B A depends on the directions in general. When the applied external flux density is sufficiently weak, M can be replaced by χ as
where C 1 and C 2 are proportion constants. When E g is large, the dispersion relation is given by,
for small wave number k, where D a is proportion constant. The second term in the right side is similar to that for FM magnons. Thus, the numbers of the excited magnons at temperature T is approximately in proportion to T 1.5 exp (−E g /T ). The solid blue and red curved lines in Fig. 11 are fits to Eq. 5. The calculated data well reproduce the experimentally observed χ a and χ a * . The temperature dependence of these susceptibilities in the low temperature range can be understood as the contribution from three dimensionally propagate spin waves under B A . The E g obtained are 24 K for χ a and 29 K for χ a * , being isotropic in the ab plane. On the other hand, it can be seen that χ c changes as a linear function of T 2 in the low temperature range. The solid straight line in Fig. 11 is a fit to Eq. 4. The temperature dependence of χ c is well explained by three dimensionally propagate spin wave contribution without B A above 4.5 K. It is inferred that single trimer anisotropy of Gd 3 Ru 4 Al 12 is easy plane type. The S r 's which are parallel to the ab plane feels relatively strong B A along their directions, and the others which are parallel to the c axis only feel weak B A . The observations of B A indicate that the S r system of Gd 3 Ru 4 Al 12 is an easy plane type, and the strength of the anisotropy is rather strong. This would have certain degree of characteristics of XY model.
FIG. 11. (Color online)
Temperature dependence of the magnetic susceptibility of Gd3Ru4Al12. The data is taken from Fig. 9 and replotted on a T 2 -scale. The applied field is 1000 Oe. The solid curved lines are fits to Eq. 4 and the solid straight line is a fit to Eq. 5. These lines also indicate the fitting regions. The magnetic susceptibility for H c is presented in the inset on expanded scales. The fitting line is expanded to the zero temperature in the inset.
B. Spin structure of the ground state
When the anisotropy is weak, the ground state of AFMTL's are approximately the 120
• structure. However, the actual anisotropy is not weak in Gd 3 Ru 4 Al 12 . If the single trimer anisotropy is easy plane like, the basal plane of the 120
• structure must be parallel to the ab plane. In this case, it is difficult to explain the longitudinal component of magnetic susceptibility in χ c shown in Fig. 9 . In addition, it is difficult to explain the the first order phase transition with spin flopping induced by the flux density B c shown in Fig. 8 and Fig. 5 . The 120
• structure would be change into the umbrella structure in Fig. 2 (a) in the high field region without spin flopping. Probably, we should consider some ground states of Gd 3 Ru 4 Al 12 being different from the 120
• structure. Instead of the structure, let us examine the T-shaped structure shown in Fig. 12 . In this figure, three S r 's are on the vertexes of the triangle. A pair of S r 's depicted by solid black arrows in opposite directions are directed parallel to the ab plane. The relative directions of these S r 's are fixed in opposite, but the direction of the pair is not strongly fixed in the ab plane. The other S r illustrated by broken red arrow is directed along the c axis. Let us estimate the effective exchange flux densities and anisotropic field from χ a (B a) and χ c (B c). A set of T-structured S r 's under the very weak applied flux density B a a is depicted in Fig. 13 (a) . In this figure, B ex 's indicate the effective flux densities which act on the pair of S r 's. The angle φ is the angle between the pair and a axis. Figure 13 (b) displays the same T-structure S r 's projected parallel to a * axis. In this figure, B ′ ex denotes the effective flux density which acts on the S r depicted by the broken red arrows. Because the in-plane anisotropy is weak, φ would be equally distributed over the range from −π/2 to π/2 due to domain structure. The magnetic susceptibility arising from the pairs become to be a mixture of longitudinal susceptibility and transverse susceptibility when the B a is applied along the a axis. The χ a expected is
in a unit of J/(T 2 Gd-mol). Here, N A is the Avogadro number. As we mentioned later, the B ex and B 
The χ a (1.8K) observed is 1.25 emu/(Gd-mol) as shown in Fig. 11 . This is converted into 2.24 µ B T −1 . Therefore, the effective field B ex is estimated to be 2.08 T. On the other hand, when the field is applied along the c axis, as shown in Fig. 13 (c) , the S r directed along the c axis does not contribute to magnetic susceptibility at 0 K, and only the pair of S r 's directed in the ab plane contribute to the susceptibility, being affected by B A 's. In this case, χ c (0K) would be approximately given by,
The actual χ c (1.8K) observed is 0.700 emu/(Gd-mol) as shown in Fig. 11 . This is converted into 1.25 µ B T −1 . Substituting this and B ex = 2.08 T into Eq. 8, B A is obtained to be 1.64 T. The gain in the anisotropic energy for S r 's which directed in the ab plane is k −1 B (2µ B S r )B A = 23.1 K per S r . This is 8.5 times larger than that estimated from electromagnetic interaction before. If we assume the 120
• structure parallel to the ab plane, the ratio χ a (0K)/χ c (0K) is expected to be 0.89 considering B A . This shows significant disagreement with the ratio 1.79 experimentally obtained at 1.8 K.
Assuming the T-structure, we have estimated B ex and B A from the low temperature limits of χ's. We would be able to calculate E g in Eq. 3 from these. Considering that the number of S r 's is 2/9 moles, the energy
A is obtained to be 9.90 K. If we assume that B ex is determined only by the exchange interactions from the nearest neighbor S r 's, (nk B ) −1 ω ex = (nk B ) −1 (2 × 2µ B B ex ) = 25.2 K. Substituting these into Eq. 3, we obtain E g = 24 K. This agrees with that obtained from the temperature dependence of χ before.
C. Spin structure in phase II
If we consider only the interactions among the three S r 's and easy plane anisotropy, the Hamiltonian is written as
Here, the first summation runs over ij = 12, 23, 31. Equation 9 shows that the T-structure has two types of independent operations, which give degeneracies in energy. One is the operations with respect to the 2D rotation of the pair of S r 's indicated by solid black arrows in Fig. 12 around the c axis, and the other is the conversion operation of the directions of the S r depicted by the broken red arrows with respect to the symmetry plane ab.
The former type form a 2D rotational group S 1 , and the latter type forms a cyclic group of order two Z 2 with the identity operator. This suggests that these two kinds of degeneracies lead to the successive phase transitions. We suggest phase II is the phase wherein only S 1 symmetry is broken, as shown in Fig. 14 . In this figure, a collinear pair of S r 's in the opposite directions is directed in the ab plane and the angle φ is fixed in the Gd-Al layer. The open circle in Fig. 14 denotes the partial disorder site (trimer). Since the anisotropy in the ab plane is small, the directions of the pair may be distributed in the ab plane by the domain structure at low fields. However, when the fields increase by certain degree, the directions of the pairs would be oriented in the direction perpendicular to the applied field, or in the easy direction to magnetize. Then the pair would show transverse magnetic susceptibility. Actually, as shown in Figs. 4 (b) and (c), the magnetization of Gd 3 Ru 4 Al 12 under the field shows weak temperature dependence in phase II, not being dependent on the directions of applied fields. This is a feature of transverse magnetic susceptibility. When temperature becomes lower than T 1 , Z 2 degeneracy is lifted and the spin structure changes into the T-structure. In association with this change, the component of the longitudinal magnetic susceptibility would be added to χ c . Actually, the magnetization at 0.5 and 1 T in Fig. 4 (c) exhibits rapid decrease with decreasing temperature below T 1 . This is considered to be the contribution of longitudinal magnetic susceptibility. As we mentioned before, phase II does not appear at a lower temperature side of phase I, while phase I appears at a lower temperature side of phase II (Fig. 8) . This is easily understood if we assume the above partial disorder in phase II.
So far the spin structure of Gd 3 Ru 4 Al 12 has not been determined by microscopic measurements. However, we discuss a possible orientation to examine the consistency
14. The spin structure in phase II on the triangle of the trimers. A pair of Sr's in opposite directions is directed parallel to the ab plane, and the open circle denotes the partial disordered site (trimer). The angle φ rotation around the c axis is an element of the S1 group (see text).
between the S r structures shown in Figs. 12 and 14 and the successive phase transitions mentioned above. We illustrate the S r orientation in phase I on a Gd-Al layer in Fig. 15 (a) . The small gray triangles indicate trimers. The black arrows denote the S r 's directed in the ab plane, and the red ⊙ and ⊗ indicate S r 's directed along the c axis. As shown in Fig. 15 (a) , each triangle of the trimers exhibits a T-structure. Let us note of the S r surrounded by the broken red circle in Fig. 15 (a) . This S r receives exchange interactions J from six nearest neighbor S r 's in the same layer, but these exchange interactions are canceled out with each other. Such condition would lead to a partial disorder in phase II, as illustrated in Fig. 14 . Figure 15 (b) shows the S r 's on two nearest neighbor GdAl layers. The broken arrows denote the AFM interlayer exchange integral J ′ which acts between the nearest S r 's on the nearest layers. This interaction generates spontaneous S r 's at the partially disordered sites below T 1 .
As shown in Fig. 15 , the number of S r 's that order at T 2 is expected to be two times larger than the number of S r 's that order at T 1 . According to the mean field theory of second order phase transitions, the jumps of the magnetic specific heat ∆C m at T 1 and at T 2 are expected to be proportional to the numbers of S r 's, which order at each temperature. We present the magnetic specific heat C m of Gd 3 Ru 4 Al 12 at zero field in the vicinity of phase transition temperatures in Fig. 16 . The dotted lines in this figure are fits to lines. The jumps ∆C m1 at T 1 and ∆C m2 at T 2 are found to be 2.35 and 4.78 J/(K Gd-mol), respectively, or 0.282R and 0.574R in the unit of gas constant R, respectively. The ratio ∆C m2 /∆C m1 obtained is 2.03, which agrees well with that expected from Fig. 15 .
D. Spin structure in phase III and the anisotropic energy
As shown in Fig. 8 , we have observed the additional phase III in the intermediate field range when fields are directed along the c axis. The hysteresis loops shown in Fig. 7 (c) indicates that the phase I/phase III transition is first order. We present the change in the spin structures assumed in association with this transition in Fig. 17 (c) . In this figure, panel (a) denotes the T-structures on A- triangle and B-triangle. These two triangles are on the nearest neighbor layers as shown in Fig. 15 (b) . In the absence of the field, the S r 's denoted by the red broken arrows on each triangle are directed along the c axis and canceled out with each other. Between these two S r 's the AFM interaction J ′ is acting (Fig. 15) . When the external flux densities B a are applied along the c axis as illustrated in Fig. 17 (b) , the S r 's depicted by the broken red arrows occur to be spin flopping and phase III appears. Figure 17 (c) shows the S r 's in Fig. 17 (b) projected in a direction perpendicular to Fig. 17(b) and parallel to the ab plane. With further increasing the field, the AFM coupling between the broken red arrows in Fig. 17 is broken and the phase III/phase II transition occurs.
The spin flopping illustrated in Figs. 17 (a) and (b) occurs at 1.25 T as evident in Fig. 8 (c) . We define the angle θ as shown in Fig. 17 (c) , and assume that the anisotropic energy acts on the S r 's depicted by the red broken arrows as ∆ Sr (1 − cos 2 θ) in a unit of J per S r . Figure 18 represents the field dependence of the energy of the pair. When the pair is assumed to be directed in the c axis, the energy of the pair is field independent. On the other hand, when the pair is assumed to be directed in the ab plane at zero field, the magnetization 
Here, the transition field is B t = 1.25 T and B ′ ex ( B ex ) is 2.08 T, as we mentioned before. Then, the anisotropic energy ∆ Sr = 3.7 × 10 −23 J per S r , or 2.6 K per S r is obtained. In phase III, the pair of S r 's depicted by broken red arrows in Fig 17 (b) and (c) are approximately oriented along the high energy directions concerning the anisotropic energy in phase III. Therefore, these S r 's tend to eliminate AFM coupling and change their directions along the c axis in the high field range due to the anisotropic energy. Thus, the phase III/phase II boundary shifts to a lower field side. As evident in Fig. 7 (b) , hysteresis loops are observed in magnetization at the phase III/phase II transition points. Therefore, this transition is first order. On the other hand, the anisotropic flux density B A stabilizes AFM phase II when the applied fields are directed along the c axis, and it would shift the phase II/PM phase boundary to a higher field side. The anisotropic flux density B A is obtained as 1.64 T. This approximately agrees with the shift of phase II/PM phase boundary at 1.8 K as evident in Fig. 8 . These are the reasons why phase II occupies the wide region of the phase diagram for B c. As shown in the inset of Fig. 11 , χ c deviates from the T 2 behavior below 4.5 K. This deviation may arise from ∆ Sr . This energy is sufficiently low compared to T 1 , but it can affect the magnetic susceptibility in the approximate range T 2∆ Sr . The magnetic susceptibility of Gd 3 Ru 4 Al 12 in phase I can be explained by the three-dimensionally propagating spin waves or magnons. On the other hand, the specific heat of Gd 3 Ru 4 Al 12 in phase I shows peculiar behaviors. Figure 19 displays the magnetic specific heat C m of Gd 3 Ru 4 Al 12 at zero field on a logT -logC m plot. In this figure, the open blue circles indicate experimental data of C m . It is well known that 3D AFM magnons contribute to the specific heat in proportion to T 3 when the magnon dispersion is gapless 28 . The solid line in Fig. 19 is the temperature dependence of C m expected from AFM magnons without energy gap. When magnon dispersion is written by Eq. 6, C m is given by,
The broken line in Fig. 19 is C m of AFM magnons with energy gap E g = 24 K. The exponential factor on the right side mainly determines the temperature dependence. Both calculated data are normalized at 16 K, which is the high temperature end of the fitting range of magnetic susceptibility shown in Fig. 11 . As evident in Fig. 19 , both contributions from magnons rapidly decrease with decreasing temperature, therefore, we cannot reproduce C m experimentally observed by adding these two at any ratio. The actual C m of Gd 3 Ru 4 Al 12 decreases more slowly with decreasing temperature. This means that certain low energy excitations other than magnons exist in phase I at low temperatures. It is known that a heavy fermion often coexists with AFM magnons 30, 31 . However, the low energy excitation in Gd 3 Ru 4 Al 12 is not a heavy fermion. The inset in Fig. 19 displays C m in the low temperature range on a logTlogC m plot. The dotted-broken line and the dotted line are the eye guides which indicate the slopes of the functions C m ∝ T and C m ∝ T 3 , respectively. The temperature dependence of C m approximately follows T 3 behavior below 0.5 K, being contradictory to heavy fermion state. In addition to this, no T 2 behavior is observed in the low temperature electrical resistivity of Gd 3 Ru 4 Al 12 13 . It is probable that certain low energy quasi-particles which do not contribute to magnetization may contribute to the low temperature C m of Gd 3 Ru 4 Al 12 . For example, vortexes proposed by Kawamura and Miyashita may be one of the candidates of low energy excitation 32 . In the present paper, we have investigated basic properties and spin structures of Gd 3 Ru 4 Al 12 using macroscopic measurements. It is inferred that spiral spin structures may be induced by the competition between far and near neighbors interactions. However, such long period structures and detailed of the low energy excitations should be investigated by microscopic measurements. Unfortunately, Gd ions are good absorbers of neutrons, but investigations by resonant X-ray diffraction may be applicable. For example, the cycloidal magnetic structure of GdRu 2 Al 10 has been determined by this method 33 .
VI. SUMMARY
We grew single crystals of Gd 3 Ru 4 Al 12 with the distorted kogome lattice structure wherein stacked AFMTL is formed in association with spin trimerization and the geometrical frustration and interaction-competetype frustration coexist via the RKKY interaction. Gd 3 Ru 4 Al 12 is found to be a spin system that has a certain degree of strong easy plane-type anisotropy and interlayer interactions. It is highly probable that a partial disorder occurs in this S r 's system. With decreasing temperature, first, the AFM long-range order, wherein S r 's are directed in the ab plane, occurs at T 2 and IMT phase II appears. This phase is a partial disordered phase wherein 1/3 of S r 's is not arranged and only S 1 degeneracy is lifted. With further decreasing temperature, S r 's at the disordered sites exhibit the AFM order wherein a part of them are oriented along the c axis at T 1 . In association with this transition, Z 2 degeneracy is lifted. Thus, the noncollinear T-structure of S r is formed in phase I. We found an additional phase III in intermediate fields directed along the c axis, where spin flopping has occurred in the part of S r 's which is directed in the c axis at zero field. The temperature dependence of the magnetic susceptibilities is well explained by the contribution of three dimensionally propagating magnons. On the other hand, the specific heat in this phase is not understandable only as the contribution of magnons. Certain magnetic excitations other than magnons or heavy fermion may exist owing to the frustration.
